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ABSTRACT: We demonstrate the effectiveness of dual-layer coating of
cathode active materials for improving the cycling performance and
thermal stability of lithium-ion cells. Layered nickel-rich Li-
Niy¢Co(,Mn;,0, cathode material was synthesized and double-layer
coated with alumina nanoparticles and poly(3,4-ethylenedioxythiophene)-
co-poly(ethylene glycol). The lithium-ion cells assembled with a graphite
negative electrode and a double-layer-coated LiNi,sCoy,Mn,,0, positive
electrode exhibited high discharge capacity, good cycling stability, and
improved rate capability. The protective double layer formed on the
surface of LiNij4Coy,Mn,,0, materials effectively inhibited the
dissolution of Ni, Co, and Mn metals from cathode active materials
and improved thermal stability by suppressing direct contact between
electrolyte solution and delithiated Li,_,NijcCo,,Mn,,0, materials. This
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effective design strategy can be adopted to enhance the cycling performance and thermal stability of other layered nickel-rich

cathode materials used in lithium-ion batteries.
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Bl INTRODUCTION

Significant attention has been paid to lithium-ion batteries with
high energy density and long cycle life, because new
applications such as electric vehicles and energy storage
systems are gradually emerging onto the market.'~” To achieve
higher energy density lithium-ion batteries, several attempts
have been made to develop cathode materials with high specific
capacity. As active cathode materials, nickel-rich layered
LiNi,Co,Mn,_, ,O, materials have received much attention
because of their high specific capacity, relatively low cost, and
environmental benignancy compared to existing cathode
materials.*'® However, their cycling stability is not good
when the LiNi,Co,Mn,_, ,O, materials are cycled at high
temperatures because of dissolution of transition metals from
the cathode active materials and side reactions with the
electrolyte solution at high voltages. Therefore, nickel-rich
layered LiNi,Co,Mn,_,_,O, materials exhibit structural and
thermal instabilities in the fully charged state, resulting in poor
cycle stability. To solve these problems, the surfaces of cathode
active materials have been coated with inorganic materials such
as Al,Os, SiO,, ZrO,, TiO,, AlPO,, Li,ZrO,, and AlF,."*~*°
However, these inorganic materials have low Li diftusivities and
increased interfacial resistances, thereby decreasing battery
performance. Conductive polymers could also be used for
surface-modification of active cathode materials to enhance
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their cycling performance.’*™” In our earlier study, we coated
conductive poly(3,4-ethylenedioxythiophene)-co-poly(ethylene
glycol) (PEDOT-co-PEG) copolymer on LiNiy¢Co,,Mn,,0,
(NCM) cathode material to inhibit the dissolution of transition
metals from the NCM materials and suppress the electrolyte
decomposition at high voltages.*® The dual-conductive polymer
that transports both Li* ions and electrons through the thin
coating layer could lower the charge transfer resistance on the
surface of NCM electrode. In light of these previous studies, we
were interested in investigating the effect of modifying the
surface of NCM material by double-layer coating using both
inorganic particles and conductive polymer. In this work, we
demonstrated that combined use of both inorganic and
polymeric coatings enhanced the cycling performance and
thermal stability of the NCM cathode material. Layered
LiNi;4Coy,Mn,,0, cathode material was synthesized and
double-layer coated with Al,O; nanoparticles and conductive
PEDOT-co-PEG copolymer. Lithium-ion cells composed of a
graphite negative electrode and a surface-modified NCM
positive electrode were assembled, and their cycling perform-
ances and thermal stability were evaluated. Double-layer
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coating of NCM materials with Al,0; and PEDOT-co-PEG was
very effective in improving the discharge capacity, capacity
retention, rate capability, and thermal stability compared to
cells with pristine or single-layer coated NCM cathode
materials.

B EXPERIMENTAL SECTION

Double-Layer Coating of LiNiy¢C0y,Mng,0,. Li-
Nij¢Coy,Mn,,0, materials were synthesized as reported previously.*®
[Niy4Cog,Mn,,](OH), powder was prepared by a coprecipitation
method using NiSO,-6H,0, CoSO,7H,0, and MnSO,SH,0 as
starting materials. Spherical [NiysCo,,Mn,,](OH), powder was
filtered, washed with deionized water, and dried at 110 °C for 24 h
to remove adsorbed water. A mixture of the dehydrate
[NiycCoy,Mny,](OH), and LiOH-H,0 was preheated to 480 °C
for 5 h and then heated at 850 °C for 15 h under oxygen flow to obtain
LiNiyCoy,Mny,0, materials. The LiNi;4Coy,Mn,,0, materials
synthesized were double-layer coated using a two-step procedure to
form a highly continuous and stable layer on the cathode surface, as
illustrated in Figure 1. In the first step, aluminum oxide (ALO;)
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Figure 1. Schematic of double-layer coating of LiNi,¢Coy,Mn,,0,
material with Al,O; nanoparticles and PEDOT-co-PEG.

powder with a particle size of 2—4 nm (Aldrich) and
LiNiyCoy,Mny,0, materials were dry mixed at a mass ratio of
0.5:99.5 using a ball-milling machine for 4 h to obtain Al,O3-coated
NCM material. In the subsequent step, the Al,O; coated-NCM
material was added to a polymer solution containing 0.5 wt %
PEDOT-co-PEG in n-methyl pyrrolidone (NMP), and the resulting
solution was stirred at 60 °C for 4 h to coat the surface of the Al,O;-
coated NCM material with PEDOT-co-PEG polymer. After filtering
and vacuum drying at 100 °C, double-layer coated NCM (dI-NCM)
powder was finally obtained. In addition, Al,O;-coated NCM (al-
NCM) and conductive PEDOT-co-PEG-coated NCM (cp-NCM)
materials were prepared using a similar one-step coating process for
use as control samples.

Preparation of Electrodes and Cell Assembly. To prepare the
positive electrode, we blended the surface-modified Li-
Niy¢C0y,Mn,,0, powder, poly(vinylidene fluoride) (PVdF), and
super-P carbon at a weight ratio of 85:7.5:7.5 in NMP solvent and the
resultant slurry was coated onto an aluminum foil. Its active mass
loading was controlled to have a capacity of about 1.0 mAh cm™
Similarly, the negative electrode was prepared by coating a NMP-based
slurry containing mesocarbon microbead, PVdF, and super-P carbon
onto a copper foil. The capacity ratio of the negative electrode to the
positive electrode was about 1.15. The electrodes were vacuum-dried
at 110 °C for 12 h and roll-pressed. Then the electrodes were
assembled into CR2032 coin-type cells with a polypropylene separator
(Celgard 2400) and liquid electrolyte (1.15 M LiPF, in EC/DEC, 3/7
by volume) in an Ar-filled glovebox.

Measurements. The morphologies of pristine and surface-
modified NCM particles were examined by scanning electron
microscopy (SEM, JEOL JSM-6300) and transmission electron
microscopy (TEM, JEOL 2010). Energy dispersive X-ray spectroscopy
(EDX) mapping was used for morphological assessment and surface
elemental characterization on the surface-modified NCM particles.
The electronic and ionic conductivities of the NCM materials were
measured by four-point probe method and AC impedance technique,
respectively, as described in previous literature.*® Fourier transform
infrared (FT-IR) measurements were performed on JASCO 460 IR
spectrometer. Thermogravimetric analysis (TGA) measurements were
carried at a heating rate of 5 °C min~! using TGA/DSC analyzer
(SDT Q600, TA Instrument). The crystalline phase of NCM powders
was characterized by powder X-ray diffraction (XRD) (Rigaku, Rint-
2000) using Cu Ko radiation. Charge and discharge cycling tests of the
lithium-ion cells were conducted over the voltage range of 2.6—4.3 V
using a battery cycler (WBCS 3000, Wonatech) at 25 and S5 °C,
respectively. AC impedance measurements of the lithium-ion cells
were conducted using a Zahner Electrik IM6 impedance analyzer in
the frequency range of 1 mHz to 100 kHz with an AC voltage
amplitude of 10 mV. The amount of Ni, Co and Mn dissolved from
the charged LiNij4Co,,Mn,,0, electrodes into the liquid electrolyte
was measured by atomic absorption spectroscopy (AA, vario 6,
Analyticjena). HF content measurements in the electrolyte were
performed by an acid—base titration method.* For differential
scanning calorimetry (DSC) experiments, lithium-ion cells were fully
recharged to 4.3 V after 100 cycles. After disassembling the cells, the
positive electrode was scraped from the aluminum current collector.
Approximately S mg of the positive electrode was hermetically sealed
in a stainless steel pan and measurements were conducted at a heating

rate of 1 °C min™".

B RESULTS AND DISCUSSION

The morphologies of pristine and surface-modified Li-
Nig4C09,Mn(,0, particles were characterized using SEM
measurements, and the results are shown in Figure S1 in the
Supporting Information. The primary particles protruded
slightly toward the outside of large spherical secondary
particles. There is no significant difference between the pristine
and surface-modified NCM particles in the SEM images. EDX
mapping images of various elements in the dI-NCM were
obtained to examine the distribution of elements on the surface
of dI-NCM coated by Al,O; and PEDOT-co-PEG. As shown in
Figure 2, homogeneous distributions of Ni, Co and Mn in the
LiNi, Coy,Mny,0O, particles were clearly observed in the dI-
NCM particles. It was also evident that aluminum and sulfur
elements were evenly distributed on the surface of the d-NCM
particles, which indicated that the surface of the NCM material
was uniformly coated with both AL,O; nanoparticles and
PEDOT-co-PEG polymer. The content of alumina on the
surface of dI-NCM was determined to be about 0.42 wt % by
EDX analysis, whereas that of PEDOT-co-PEG was 0.46 wt %
based on thermogravimetric analysis (Figure S2 in the
Supporting Information).

To confirm the uniform coating of NCM particles with Al,O,
nanoparticles and PEDOT-co-PEG, we carried out TEM
measurements, and the TEM images of pristine NCM and
surface-modified NCM particles are shown in Figure 3. The
pristine NCM particle did not have any outer layer. In contrast,
a TEM image of cp-NCM revealed that NCM particle was
evenly surface-coated by a polymer layer. An image of the al-
NCM particle showed that the NCM material was covered with
Al,O; nanoparticles, with a coating thickness range from 18 to
38 nm. For the dI-NCM particle, Al,O; nanoparticles were
coated on the NCM surface, and these nanoparticles were in
turn covered by an additional layer of PEDOT-co-PEG. As
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Figure 2. (a) SEM image of dI-NCM, and EDX elemental mappings
corresponding to (b) Ni, (c) Co, (d) Mn, (e) Al and (f) S in the dI-
NCM.

Figure 3. TEM images of (a) pristine NCM, (b) conductive polymer-
coated NCM (cp-NCM), (c) alumina-coated NCM (al-NCM), and
(d) double-layer-coated NCM (dI-NCM).

compared to alumina coating, which resulted in discontinuous
deposition of rough surface layer, the double layer composed of
AlO; and PEDOT-co-PEG provided highly continuous surface
coverage. Figure S3 in the Supporting Information shows the
selected area electron diffraction (SAED) patterns obtained
from the dI-NCM particle. The SAED pattern in the left inset
shows bright spot patterns, which corresponds to crystalline

NCM materials. In contrast, the SAED pattern in the right inset
exhibits a hollow ring pattern without bright spots, which
suggests that the outer surface layer consisted of disordered
polymer material. The electronic conductivities of cp-NCM and
dI-NCM (1.9 X 10" and 1.5 X 107" S cm ™, respectively) were
much higher than those of pristine NCM (1.5 X 107%S ecm™)
and al-NCM (1.0 X 107® S cm™) because of the presence of
conductive polymer in the coating layer. The ionic conductivity
of double layer composed of Al,O; and PEDOT-co-PEG after
soaking with the liquid electrolyte was 9.5 X 107* S cm™,
indicating facile ion transport through the thin double-layer.
The existence of PEDOT-co-PEG on LiNi,cCoy,Mn,,0,
particle was also confirmed by the FT-IR analysis (Figure S4 in
the Supporting Information). For the pristine NCM, the broad
band corresponding to the M-O vibration appeared at about
540 cm™.* Both cp-NCM and dI-NCM exhibit the C=C ring
and C—O-R vibration around 1120 cm™ and C—O-C
stretching vibration at 1057 cm™",***'confirming the presence
of PEDOT-co-PEG in the coating layer. Figure S5 in the
Supporting Information compares the XRD patterns of pristine
and surface-modified NCM powders. The XRD patterns could
be indexed to hexagonal a-NaFeO, structure with R3m space
group without any impurity phases. No significant differences
were observed in the diffraction patterns of pristine NCM and
surface-modified NCM powders, indicating that surface
modification of NCM powders with Al,O; or/and PEDOT-
c0o-PEG did not influence the crystal structure of NCM powder.
The surface-modified NCM materials were used to assemble
the lithium-ion cells. The assembled cells were initially
subjected to preconditioning cycles at 0.1C rate. After two
preconditioning cycles, the cells were cycled in the voltage
range of 2.6—4.3 V at a 0.5 C rate. Figure 4a shows the charge
and discharge curves of a lithium-ion cell assembled with dI-
NCM electrode at 0.5 C. The cell initially delivered a discharge
capacity of 170.1 mA h g™" based on LiNij4Co,,Mn,0, active
material. After 100 cycles, the discharge capacity was slightly
decreased to 163.3 mA h g™/, which corresponds to 96.0% of
the initial discharge capacity. Coulombic efficiency steadily
increased with cycling, and it was maintained at >99.8%
throughout cycling after stabilizing. Figure 4b shows the
discharge capacities as a function of cycle number in the
lithium-ion cells assembled with pristine NCM and surface-
modified NCM electrodes. The initial discharge capacity was
dependent on the type of positive electrode. The cell with al-
NCM electrode showed a slightly lower initial discharge
capacity (167.0 mA h g') than the cell with pristine NCM
electrode (168.3 mA h g'). This result can be ascribed to the
increase of interfacial resistances due to the sluggish diffusion of
Li* ions through an alumina coating layer, because alumina is
an insulator in nature. In contrast, cells with cp-NCM and dI-
NCM electrodes exhibited higher discharge capacities (171.3
and 170.1 mA h g™!, respectively) than the cell with pristine
NCM cathode material. We expected the conductive PEDOT-
c0-PEG polymer in the coating layer to facilitate electron
transport in the cp-NCM and dI-NCM electrode. As previously
reported,*” PEDOT could also provide additional capacity as an
active material. Accordingly, the cells assembled with cp-NCM
and dI-NCM exhibited higher discharge capacities than cell
assembled with al-NCM or pristine NCM. The capacity
retention of lithium-ion cells was improved when surface-
modified NCM electrodes were used rather than pristine
electrode. The capacity retentions of cells with al- NCM, cp-
NCM, and dI-NCM were 92.8, 93.5, and 96.0% after 100 cycles,
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Figure 4. (a) Voltage profiles of the lithium-ion cell assembled with dI-
NCM electrode (0.5 C constant current (CC) and constant voltage
(CV) charge, 0.5 C CC discharge, cutoff voltage: 2.6—4.3 V), and (b)
discharge capacities of lithium-ion cells assembled with pristine NCM
and surface-modified NCM electrodes.

whereas the cell with pristine NCM had a capacity retention of
91.0%. We ascribed the good cycling stability of the cells with
surface-modified NCM electrodes to the presence of a coating
layer that functioned as a protective layer to cover the NCM
materials and suppress the electrolyte decomposition during
cycling. It should be noted that the cell assembled with dI-
NCM material exhibited better capacity retention than any of
the other cells evaluated. This result suggested that the
presence of an alumina layer along with a conductive polymer
layer on NCM was effective at maintaining cycling stability. In
particular, the flexibility of PEG can buffer the volume changes
of the electrode during charge—discharge cycles,* resulting in
better capacity retention. Figure S6 in the Supporting
Information shows the TEM image of dI-NCM powder after
100 cycles, illustrating that the coating layer composed of Al,O;
and PEDOT-co-PEG is not detached from the surface of NCM
particle after cycling. This result indicates that the coating layer
on NCM is firmly adhesive and physically stable.

To further demonstrate the effectiveness of the double-layer
coating for improving the cycling stability, we cycled the cells
with pristine NCM and surface-modified NCMs at 55 °C to
accelerate capacity fading. Figure S5a shows the cycling
characteristics of lithium-ion cells assembled with pristine and
surface-modified NCM cathode materials, which were meas-
ured at 55 °C and a 0.5 C rate. Overall, the initial capacities of
all cells tested at 55 °C were higher than those obtained at 25
°C, which can be ascribed to the faster charge transfer kinetics
at the elevated temperature. It can be clearly seen that the

200

(a)
180z

160

140

120

1004 o pristine NCM
o— al-NCM

1 —o-cp-NCM
80 o—dI-NCM

60 T T T T T
0 20 40 60 80 100

Cycle number

Discharge capacity (mAh g")

140

(b) —o— pristine NCM
1204 o al-NCM
o—cp-NCM
100+ o dI-NCM

Zin (Q)

40 60 80 100 120 140
ZRe (Q)

Figure S. (a) Cycling characteristics of lithium-ion cells with pristine
and surface-modified NCM materials at 55 °C and 0.5C rate, and (b)
complex impedance plots of the lithium-ion cells assembled with
different electrodes, which were obtained after 100 cycles at 55 °C and
0.5 C rate. All impedance data were obtained at 4.3 V.

cycling stability was significantly improved by double-layer
coating the NCM with Al,O; and PEDOT-co-PEG. Even under
these harsh test conditions, the cell with the dI-NCM electrode
retained 94.3% of its initial discharge capacity after 100 cycles,
whereas the capacity retention of cells with pristine NCM, al-
NCM, and cp-NCM were 73.0, 85.1, and 88.6% after 100
cycles, respectively. It is well-known that layered Li-
Ni,Co,Mn,_,_,O, materials exhibit large capacity decline at
high temperatures due to the dissolution of transition metals
from the cathode material caused by HF attack.** HF is known
to be produced by thermal decomposition and hydrolysis of
LiPFy at high temperature.“s’46 As demonstrated in Figure 1,
the protective double-layer formed on the active Li-
Nij 4Co,,Mn,,0, material rendered the NCM material more
resistant to HF attack, and thus suppressed the dissolution of
transition metals from the NCM materials into the liquid
electrolyte. Moreover, Al,O; particles can act as HF scavengers
to maintain the structural stability of the NCM material.*”** In
addition, PEG in the PEDOT-co-PEG copolymer is a Lewis
base, and thus can effectively complex with thermally
decomposed PF; that is a Lewis acid, thereby preventing its
hydrolysis to produce HF. Li et al. reported that the addition of
Lewis basic additives stabilized liquid electrolytes against
thermal decomposition initiated by Lewis acids.*” Conse-
quently, the use of both Al,O; particles and PEDOT-co-PEG in
the double-layer coating could reduce the HF content in the
electrolyte. To confirm this presumption, HF contents in the
cells were measured after storing the cells at 55 °C for 3 days;
the results are shown in Figure S7 in the Supporting
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Information. HF content decreased when surface-modified
NCM electrodes were employed, and double-layer coating
proved to be most effective for reducing HF content. To
understand the effect of surface modification on cycling
behavior at high temperature, the AC impedance of the cells
was measured after the repeated cycles at 55 °C. As shown in
Figure Sb, two overlapped semicircles were observed due to
different contributions of interfacial resistances. According to
previous studies,*”" the semicircle at high to middle frequency
represents the resistance of the surface film (R;), whereas the
semicircle at middle to low frequency is attributed to charge
transfer resistance at the electrode—electrolyte interface (R).
The cells assembled with surface-modified NCM materials
exhibited much lower interfacial resistances than the cell with
pristine NCM. This supported the notion that the protective
layer on the NCM active particles reduced degradation of the
active material by preventing its direct contact with the
electrolyte during cycling at high temperature. Moreover, a
highly conductive polymer in the coating layer formed on cp-
NCM and dI-NCM would facilitate the electron transfer
between less conductive LiNij¢Coy,Mn,,0, particles in the
positive electrodes.

To confirm that the coating layers formed on the NCM
material suppressed the dissolution of transition metals, we
measured the contents of Ni, Co, and Mn dissolved from the
pristine and surface-modified NCM materials into the electro-
Iyte solution after the electrodes were stored for 4 weeks at 55
°C. As shown in Figure 6, the dissolved amounts of transition
metals gradually increased with time for all electrodes. As
discussed previously, the dissolution of transition metals is
caused by HF attack, which results in capacity decline at high
temperatures.*>>® The pristine NCM electrode showed the
highest amount of dissolution of Ni, Co, and Mn after 4 weeks,
whereas less metals dissolved from the surface-modified NCM
electrodes. Note that the lowest amount of metal dissolved in
the liquid electrolyte containing dI-NCM. For dI-NCM
electrode, the surface of the NCM materials was fully and
densely covered by a double-layer of alumina nanoparticles and
PEDOT-co-PEG polymer, which inhibited direct contact
between the electrolyte solution and NCM materials, and
effectively suppressed the dissolution of transition metals due to
HF attack.

Figure 7 compares the discharge capacities of the lithium-ion
cells assembled with different NCM materials, with the C rate
increasing from 0.1 to 5.0 C every five cycles. Relative capacity
was defined as the ratio of the discharge capacity at a specific C
rate to the discharge capacity at a 0.1 C rate. Relative capacities
decreased with increasing the C rate due to the polarization.
The effect of surface modification on the rate performance of
cells was noticeable as the current density was increased to 5.0
mA cm™ (5.0 C rate). Single-layer coating with PEDOT-co-
PEG resulted in the best high rate performance at higher C
rates. Surface modification of NCM with conductive PEDOT-
c0-PEG polymer improved its electronic conductivity, which
facilitated the electron transport. The presence of highly ion-
conductive PEG in the PEDOT-co-PEG copolymer likely also
enhanced the lithium ions transport, which is a prerequisite for
a fast charge-transfer reaction. In contrast, surface coating of
NCM with Al,O; particles reduced the discharge capacities at
high current rates, indicating that the presence of an alumina
layer on the surface of NCM adversely affected the rate
performance of the cell.
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Figure 7. Rate capability of lithium-ion cells assembled with different
NCM electrodes as a function of C rate.

The thermal stability of NCM materials in the charged state
is critical for battery safety, and the thermal stability studies
were performed using DSC measurements of the delithiated
NCM materials (Li;_,NiyCoo,Mn,,0,). Figure 8 shows the
DSC thermograms of pristine and surface-modified NCM
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Figure 8. DSC thermograms of delithiated NCM materials charged to
4.3 V after 100 repeated cycles.

electrodes charged to 4.3 V, which are obtained after 100 cycles.
The pristine NCM electrode had a main exothermic peak with
a reaction heat of 601.9 J g™" at 271.0 °C. In contrast, the main
exothermic peaks of al-NCM and dI-NCM were shifted to
284.0 and 288.5 °C, and the heat generations were remarkably
decreased to 391.0 and 345.1 J g7', respectively. This result
implies that the coating layer on NCM materials reduced direct
contact between the electrolyte solution and the highly unstable
oxidized NCM materials, thereby rendering the cathode
materials less reactive toward the liquid electrolyte. In addition,
the coating layer formed on NCM material can block oxygen
release from the Li;_ Nij;sCoy,Mn,,0, cathode particles and
in turn shifted the exothermic oxidation reaction to a higher
temperature as well as reduced heat generation. However, the
improvement in thermal stability of the cell with the cp-NCM
electrode was not significant, indicating that incorporation of
Al,Oj particles into the coating layer is important for enhancing
the thermal stability of cathode materials due to the inherently
high thermal stability of ceramic particles. Our results clearly
show that double-layer coating of NCM materials with Al,O;
nanoparticles and PEDOT-co-PEG was very effective for
improving their thermal stability as well as cycling performance
compared to cells with pristine or single-layer coated NCM
cathode materials.

B CONCLUSIONS

We synthesized layered LiNi, ¢Co,,Mn,,0, materials, and then
surface modified these materials with nanosized alumina
particles and conductive PEDOT-co-PEG copolymer. Lith-
ium-ion cells assembled with double-layer-coated NCM
cathode materials delivered a high discharge capacity and
showed better capacity retention than cells with pristine NCM
materials or single-layer-coated NCM materials. Presence of a
double layer on the NCM materials enhanced the cycling
stability of the Li-ion cell by suppressing the dissolution of
transition metals from the NCM material due to HF attack.
The double-layer coating of NCM materials rendered the
electrodes less reactive toward the liquid electrolyte at high
temperatures, thereby improving their thermal stability. This
effective strategy could be extended to other cathode materials
to obtain lithium-ion batteries with enhanced safety and good

cycling stability.
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